The empirical correlations for the prediction of jet/spray penetration of liquid jet in subsonic uniform crossflow are reviewed in this study. Considerable number of empirical correlations had been proposed by many investigators. It has generally known that the jet/spray trajectory of a liquid jet in a cross-flow is a function of the liquid to air momentum flux ratio and the normalized distance in the airstream direction from the injector. However, several researchers incorporated the Weber number, liquid-to-water or air viscosity ratio, pressure ratio or Reynolds number, temperature ratio in the empirical correlations.
INTRODUCTION
The best known example of a plain-orifice atomizer in the combustion field is the diesel injector and another important applications of plain-orifice atomizer are jet engine afterburners and rocket engines [1] . Compared with the free jet issuing into quiescent surroundings in conventional diesel engines, the transverse or jet injected normally into crossflow is generally used in air-breathing propulsion systems including dilution air jets, ramjet/scramjet fuel injectors as well as in rocket engine systems etc. [2] . In the direct injection of gasoline sprays which is recently common in spark ignition engines, swirl and tumble cause a crossflow interaction with the fuel [3] . The crossflow situation in agricultural field will be the application of chemicals to crops by flat-fan nozzles mounted on boom sprayers [4, 5] . Injection of liquid friction modifiers on to the rail surface with air-blast atomizers mounted to the external undercarriage of trains is another application of crossflow [6] .
A comprehensive review of the behavior of liquid jets in high-speed cross flow based on the results of a long term research program was presented by Schetz [7] . Recently, the jet in crossflow or transverse jet had been reviewed fairly extensively by Karagozian [2] because of widespread application in engineering systems. A more comprehensive review on the penetration and atomization of liquid jets in subsonic crossflow was published by Mashayek and Ashgriz [8] .
As one of the macroscopic spray characteristics, spray penetration is of prime importance in diesel engines and air-breathing propulsion systems. Therefore, the prediction of diesel spray penetration has been the subject of several works and intensive investigations are still underway by many researchers [9] [10] [11] . In addition, it is known that the understanding of the trajectory and breakup of liquid jet in a cross-flow is critical to improve the efficiency and performance of liquid-fueled ramjet and scramjet combustors [1] , lean prevaporized and premixed gas turbine technology [12] . Even though there are several parameters such as column and surface breakup, penetration height, jet width, droplet size, droplet velocity for the liquid jet in crossflow as shown in Fig. 1 , jet/spray trajectory(penetration height) of liquid jet in a cross flow is one of important parameters that indicates how well the injected liquid can mix with the air. In this article, therefore, correlations for penetration height of liquid jet in cross flow will be reviewed.
A detailed survey of correlations related to liquid jet trajectory and penetration height available in the literature was carried out by Mashayek and Ashgriz [8] , Ragucci et al. [12] , Lin et al. [13] , Stenzler et al. [14] , Iyogun et al. [15] , Masuda and McDoenll [16] , Mashayek et al. [17] , Zheng and Marshall [18] . However, a part of them had mixed up with the theoretical model or numerical model and the other part of them did not cover all of the empirical correlations available in the literature. Discussion will, therefore, be limited to empirical correlations available in the literature after 1990 for the prediction of penetration height of liquid jet in gaseous subsonic crossflow in this review. In addition, this review will be limited only to liquid jet-in-crossflow studies focussed on a crossflow that has a uniform velocity profile across the cross section. The studies considering non-uniform crossflow such as a swirling crossflow or mechanically exited liquid jets in crossflow [19] [20] [21] , crossflow containing a shear layer [22] will not be included. In addition, the studies regarding the controlled liquid jet such as exciting liquid jet [23] will be excluded. This work is the extension of studies presented by No [24.25] and Yoon and No [26] . The purpose of this study is to classify the previous correlations, to provide the guidelines for the application of these correlations, and to evaluate the validity for several correlations.
EMPIRICAL CORRELATIONS FOR JET/SPRAY TRAJECTORY
In the literature related to liquid jet in the uniform crossflow, several different terms such as spray penetration [8, 14] , spray trajectory [27, 28] , jet trajectory [12] , (jet)penetration height [13, 15, 29] , near-field penetration [30] , (jet) penetration [31] [32] [33] [34] , liquid jet penetration [35] , maximum transverse penetration [36] , maximum penetration value [37] had been used interchangeably. According to Zheng and Marshall [18] , empirical correlations for column and spray trajectory describe the liquid and spray trajectory before and after breakup location, respectively. In addition, Mashayek and Ashgriz [8] recommended that the term "jet trajectory" refers to the trajectory of the jet up to the column breakup location, and the term "spray penetration" refers to the maximum penetration of the spray into the gas stream. In this study, to differentiate spray penetration (liquid and vapour penetration) of free jet in quiescent surroundings such as in diesel engines, jet/spray trajectory will be introduced.
The transverse jet is a more complicated flow field than the free jet in quiescent surroundings such as in diesel engines due to its interaction with the cross flow and interaction of the jet with the wall boundary layer [39] . Among the parameters used to characterize this flow field are the jet-to-crossflow momentum flux ratio, jet nozzle diameter, and streamwise distance. The terms "jet-to-crossflow momenturm flux ratio", 
Figure 1:
Typical parameters of liquid jet in cross flow (modified from No [24] ).
"liquid to air momentum flux ratio" [34, 39] , "liquid/air momentum flux ratio" [15] , "jet-to-air momentum flux ratio" [40, 41] , liquid-to-gas momentum ratio [17] , momentum flux ratio or momentum ratio [42] have been used as synonyms. Many empirical correlations for the prediction of jet/spray trajectory in subsonic uniform cross flow have been developed by many different research groups under different experimental conditions. As customary in most publications related to jet/spray trajectory in cross flow, the coordinates x and y are normalized by nozzle diameter d in this review.
From experimental conditions that consisted of three sizes of nozzle diameter with 0.5, 1.0 and 2.0 mm, jet velocities of 7 ∼ 26 m/s, and air velocities of 55 ∼ 140 m/s, respectively, Inamura et al. [31] had used a least square fit of data from the observation of side-lighted streak photographs. It should be pointed out that this correlation maintain the nozzle diameter d in their expressions, even after normalizing the penetration height(y) and distance in the airstream direction (x) by d. In addition, it seems that this correlation was proposed for positions of x/d<15.
Chen et al. [32] measured the trajectory(penetration profiles) of water jet in subsonic cross-flow by means of Mie scattering technique and introduced the four early correlations for the comparison. They optimized the constants in the early correlations and found that neither type consistently predicts the entire jet boundary. Therefore, they divided the jet trajectory into three zones, liquid-column zone, ligament zone and droplet zone and used exponential function to represent each region. Finally, they proposed the following correlation in three-term exponential form as the entirely different one with the existing correlations. The breakup processes of liquid jets injected into subsonic air cross flows were experimentally studied by Wu et al. [29] and their experimental results for jet trajectory were compared with the empirical correlations of early studies. It was clear from two studies of Chen et al. [32] and Wu et al. [29] that jet trajectory of liquid jet in an air crossflow is governed mainly by liquid to air momentum flux ratio (q), distance in the airstream direction (x) and nozzle diameter (d).
Wu et al. [29] found the discrepancies between the measured values and the predicted values from earlier correlations and these were due to the differences between drag coefficients and length scales for liquid/air momentum exchange between the liquid column and the ligament/droplet regimes. Therefore, they developed a power-law for the jet trajectory correlations from the pulsed shadowgraph method as follows. y/d = 1.37 q 0.5 (x/d) 0.5 (2.4) This correlation is applicable up to the jet's column breakup (fracture) location. In their subsequent work [43] , they found that the spray dynamics are known to be different in the three spray regimes: the column, the ligament and the droplet regimes. Therefore, while utilizing the correlation of Wu et al. [29] for the liquid column region, Wu et al. [43] suggested a correlation for the spray trajectory in the droplet regime by using the PDPA measurements as
The comparison of two correlations, i.e. ones of Wu et al. [43] and Inamura et al. [31] was conducted by Wu et al. [44] in the experimental conditions of 0.5 mm water jets into a subsonic crossflow with q varied from 5.3 to 48.8. They found that the predicted result of Wu et al. [43] shows a larger penetration than that observed by Inamura et al. [31] , even though the exponent of q in the correlation of Wu et al. [43] agrees with 0.36 obtained by Inamura et al. [31] . They also concluded that the discrepancy is attributed to the measurement technique between PDPA of Wu et al. [44] and photographic method of Inamura et al. [31] .
Meanwhile, the comparison of liquid-jet penetration obtained by measurement, theoretical calculation and two empirical correlations suggested by Wu et al. [29] (Eq. 2.4) and by Inamura et al. [31] (Eq. 2.1) was performed by Inamura [35] . In this study, penetration obtained by two empirical correlations showed the much higher penetration than that of measurement, even though theoretical calculation supplied the relatively close penetration with the measurement.
The breakup, penetration and atomization of a plain-orifice jet in an air crossflow were investigated experimentally by Becker and Hassa [30, 45] and correlation for the prediction of jet trajectory was suggested as According to the agreement of exponent of q between Becker and Hassa (q = 1−12) [30, 45] and Inamura et al. [31] and between Becker and Hassa (q = 1−40) [30, 45] and Chen et al. [32] , they pointed out that the exponent of q was to depend on the range of q on which the correlation is based. In addition, they found that aerodynamic Weber number and dominant breakup mechanism have no significant effect on the penetration countour [45] .
Leong and Hautman [36] had introduced three correlations developed by Wu et al. [29, 43] , and Wotel et al. [46] , respectively for the comparison of measured and predicted maximum transverse penetration at three different jet-to-crossflow momentum flux ratios. Leong and Hautman [36] found that best fit of jet trajectory was that predicted from a correlation by Wotel et al. [46] .
Several correlations for the prediction of jet/spray trajectory of liquid jets injected into high-speed crossflows were tested by Lin et al. [13] . In their study, correlations proposed by Wotel et al. [46] and Inamura et al. [31] were not included. Instead of them, two correlations suggested by Wu et al. [29, 43] were considered for comparison. Furthermore, they had developed several correlations for the penetration heights of pure liquid jet in subsonic and supersonic crossflows and aerated-liquid jets in subsonic crossflows based on experimental data measured by shadowgraph images and PDPA. For pure liquid jet in subsonic crossflow, the following two distinct correlations were derived. They concluded that the use of correlation derived from PDPA measurements is highly recommended for the application.
An attempt had been made by Carvaliere et al. [47] to verify the validity of correlations developed based on liquid to air momentum flux ratio only and proposed by Wu et al. [29] in power-law form, Becker and Hassa [30, 45] in logarithmic form and Chen et al. [32] in exponential form., respectively. According to a diagram of the residual average error as a function of q, they found the substantial failure of three correlations in reproducing the experimentally observed liquid jet trajectories over a relatively wide range of liquid-to-air momentum flux ratio.
By using a least squares fit of data from experimental conditions that consisted of nozzle diameter of 1.0 mm, q = 2.54 ∼ 15.88 and air stream temperature of 298 ∼ 500 K, Lee et al. [48] had modified the correlation of Inamura et al. [31] for the penetration height of liquid jet in a dump-type ramjet combustor as follows. (2.10)
To author's knowledge, among the first who considered the influence of aerodynamic Weber number and liquid viscosity in the correlation for penetration height prediction are Stenzler et al. [37] . y/d = 2.63 q 0.442 (y/d) 0. 39 We −0.088 (μ  /μ w ) −.0.027 (2.11) Based on the experiments on spray characteristics of three liquids jet in subsonic crossflow, Tambe et al. [49] proposed the following correlation in logarithmic form.
The test of five correlations, i.e. one power-law form [29] , one exponential form [32] , and three logarithmic forms [30, 31, 50] revealed that the best results were obtained with the logarithmic form. In addition, they concluded that jet penetration increases with q and d, but is independent of Weber number.
In their continued study, a correlation including the effect of temperature was suggested by Lakhamraju and Jeng [34] in the following form.
where T o is the ambient temperature (=294 K) and T a the airstream temperature. They concluded that an increase in airstream temperature leads to a decrease in the penetration height of liquid jet. By choosing the ambient pressure, Weber number and q as the parameters of significance, empirical correlations for the prediction of the upper and the lower boundaries of the spray were offered by the same research group [39] . After examination of the three different forms of correlation to develop a correlation which best fits their experimental results, Elshamy and Jeng [39] found that best results were obtained from the correlation in power-law form. Two correlations for the upper and lower boundaries of the spray trajectory were proposed as follows. where p o is the atmospheric pressure as the reference value. They reported that an increase in the ambient pressure results in a slight decrease in the penetration height of liquid jet. Two correlations were developed by Stenzler et al. [14] to predict jet trajectory of the liquid jets in cross flow, including the effects of Weber number and liquid viscosity for both heated and unheated air conditions as follows.
The jet penetration of a recessed liquid jet into a crossflow at elevated temperature (350 ∼ 475 K) and pressure (0.38 ∼ 0.65 MPa) has been characterized experimentally by Masuda et al. [33] and Masuda and McDonell [16] . Initially, Masuda et al. [33] suggested the following empirical correlation
In their continued work, Masuda and McDonell [16] modified their previous correlation by considering the aerodynamic Weber number and viscosity effect, similar with the correlation of Stenzler et al. [37] as follows.
Iyogun et al. [15] had discussed fairly extensively the six existing correlations for the prediction of jet/spray trajectory and suggested their correlation as follows.
The role of discharge coefficient on jet/spray trajectory has been examined by Brown and McDonell [42] and Brown et al. [51] . As the liquid-to-air momentum flux ratio has been usually introduced to express the correlations of jet/spray trajectory, the accuracy of jet velocity is important. In most studies, jet velocity was typically obtained from the flow rate of the jet divided by the physical area of orifice. As the actual discharge coefficient is not equal to 1 in most cases, this jet velocity is accurate only if the assumption of unity discharge coefficient is introduced. For injector A with tapered inlet, they suggested the following correlation [42] .
In their continued work for the injectors with sharp inlet, short l/d and sharp inlet, long l/d in addition to the injector with tapered inlet [51] , the following correlation for jet/spray trajectory of all three injectors incorporated by actual discharge coefficient was well predicted the experimental penetration height.
Ahn et al. [52] obtained the following empirical correlation, similar with one suggested by Wu et al. [29] and tested it to orifice internal flow such as cavitation flow and hydraulic flip flow. It should be pointed out that they had considered the discharge coefficient when jet velocity is calculated.
They found that their correlation was effective only for cavitation flow and the diameter and the liquid/air momentum flux ratio obtained from effective velocity and effective area of the liquid jet was more appropriate in hydraulic flip flows. In the continued works of Ahn et al. [52] , Song et al. [53, 54] suggested the following empirical correlation for spray trajectory.
It is interesting to note that the difference of two empirical correlations in the above resulted in the introduction of different experimental discharge coefficient. However, their two correlations were derived from the analysis of the images obtained from the same planar liquid laser-induced fluorescence method.
The effect of liquid viscosity on jet/spray trajectory of a liquid jet in a low subsonic cross flow was investigated experimentally by Birouk et al. [55] and empirical correlations of jet trajectory were proposed to account for the combined effect of viscosity, momentum flux ratio, and nozzle diameter, not including Weber number.
It should be noted that Birouk et al. [55] (Eq. 2.25) in their study introduced the correlation developed by Iyogun et al. [15] (Eq. 2.20). They found that close to the nozzle exit, the effect of liquid viscosity on jet/spray trajectory was not obvious. However, far from the nozzle exit, jet/spray trajectory of liquid jet increased initially as the liquid viscosity increased, but a further increase in viscosity reduced the penetration.
Ragucci et al. [12] have performed experimental study of kerosene and water jets in crossflow at elevated pressure for taking into account the effect of air density, using a shadowgraphy technique at liquid-to-air momentum flux ratios of 5 ∼ 197, pressures of 1 and 2 MPa, and room temperature. They found that the normalized jet trajectory was not a function of liquid properties and the correlation of Becker and Hassa [30] performs better than the correlation of Wu et al. [29] . They proposed the following correlation with the inclusion of aerodynamic Weber number, showing better agreement with the experimental data than two existing correlations mentioned in the above.
Ragucci et al. [56] extended their experiment on jet/spray trajectory of Jet A-1 fuel and water jet in crossflow at elevated temperature. The other experimental conditions such as liquid-to-air momentum flux ratio, nozzle outlet diameter and ambient pressure etc were exactly same with those in the previous study [12] . In this study, by considering the possible influence of an increase in air viscosity due to the increase of ambient temperature up to 600 K, they suggested the following correlation for jet/spray trajectory of liquid jet in crossflow at elevated temperature and pressure.
It should be pointed out that liquid viscosity (μ ) was normalized with air viscosity (μ a ) instead of water viscosity (μ w ) in the correlation of Birouk et al. [55] .
To take into account the effect of an increase in air viscosity due to the increase of ambient temperature instead of normalized viscosity(μ /μ a ) in the above correlation, gas Reynolds number was newly introduced into the correlation for jet/spray trajectory of kerosene and water jets in crossflow by Bellofiore et al. [57] and an empirical correlation of trajectory of liquid jet was suggested as follows. It should be noted that Stenzler et al. [14] , Birouk et al. [55] , and Ragucci et al. [56] had considered the liquid to water or air viscosity ratio in their correlations. However, Wu et al. [29] mentioned that drag coefficients were found to exhibit a weak dependence on liquid viscosity when they developed their correlation (Eq. 2.4). Therefore, it is required to test the effect of liquid viscosity. In addition, Nejad and Schetz [58] measured the jet/spray trajectory for liquid jets having the different viscosities and surface tensions. Increase in liquid viscosity showed a higher penetration height, but no significant effect of surface tension on penetration heights was observed, although decrease in surface tension increased both the wave length and wave amplitude which intensifies the process of jet breakup.
Flow visualization was carried out by Elshamy et al. [22] on the liquid jets in a crossflow using Mie-scattering technique to develop the following correlations for the outer boundaries of spray plume.
It should be noted that in the above correlation crossflow Weber number and pressure ratio is incorporated in addition to the basic multi-zone form of Chen et al's correlation [32] In the study of primary breakup of turbulent round liquid jets in uniform cross flow, Lee et al. [59] proposed the expression for jet trajectory considering the liquid column drag coefficient (C D ) as follows.
They found that the presence of turbulence in liquid jets has little influence on liquid column trajectories, whereas the aerodynamic effects of cross flow are dominant in determining liquid column trajectories. It is found that the inclusion of the discharge coefficient in the correlation for jet/spray trajectory is exactly same with the work by Brown and McDonell [42] and Brown et al. [51] .
Freitag and Hassa [60] extended their existing data set with penetration data [30] for three different nozzle diameters. They found the following correlation in power-law form for jet trajectory of liquid jet
However, they tried again to correlate their data in logarithmic functional form and eventually found a little better correlation with higher correlation coefficient than the above correlation as follows.
An automated processing methodology was applied by Thawley et al. [61] to obtain liquid column breakup time and jet trajectory from high speed video. By using data from 25 experimental cases with different orifice diameters, Weber numbers, and momentum flux ratios, each with over 200 data points, empirical correlation developed in this study was as follows.
It should be pointed out that this correlation is slightly different with the existing correlations with logarithmic functional form and this is the first logarithmic functional form incorporated with Weber number. 
Comparison of correlations suggested by Wu et al. [29] , Becker and Hassa [30] , Tambe et al. [49] , and Ragucci et al. [56] was made by Amighi et al. [62] with the experimental trajectory of water jets injected into subsonic air crossflow with elevated temperature and pressure. Based on the assumption that correlating the spray trajectory merely with the momentum ratio q, which presents equal contributions to crossflow and jet velocities, is inadequate, they suggested the following correlations for spray center-line and wind-ward trajectories with q as well as channel and jet Reynolods numbers. The effect of momentum flux ratio and gas Weber number on the column trajectory, spray trajectory, breakup locations and spray characteristics after column breakup was recently studied by Zheng and Marshall [18] . Based on two breakup mode regimes explored in this test (column breakup and bag breakup), they suggested the empirical correlations for jet/spray trajectory by dividing it into column and spray trajectory correlations as follows.
Correlation for column trajectory
Correlation for spray trajectory
It should be noted that these correlations are valid for the experimental conditions over the ranges of momentum flux ratio between 10 and 50, and gas Weber number between 4 and 16.
Based on around 5,000 individual images by using automated processing methodologies, which is a remarkably larger data set used for the prior correlations, Wang et al. [63] recently suggested the following correlations for the prediction of column trajectory. It should be noted that this correlation has exactly same form with the one suggested by Thawley et al. [61] as shown in Eq.(2.34). They found that this correlation provided results that are consistent with the previous works by Wu et al. [29] and other one correlation. However, comparison with two correlations, by taking into account the numerous existing correlations proposed in the literature, is not enough.
The effect of nozzle internal geometry on trajectory of liquid jet in cross flow was investigated for non-cavitating and cavitating flows by Birouk et al. [64] . The geometrical parameters considered in this study were the nozzle's diameter (1 and 2 mm), nominal surface roughness (3.18 and 6.35μm), length-to-diameter ratio (l/d = 4, 6 and 10), contraction angle (θ = 30, 45 and 60°). Their data for non-cavitating flow conditions over a range of q between 5.7 and 54 resulted in a empirical correlations in the following form. y/d = 1.353 q 0.516 (x/d) 0.484 (2.40) They found that the geometry of a nozzle did not remarkably affect jet trajectory of water jet in cross flow. The previous empirical correlations suggested by Iyogun et al. [15] , Wu et al. [29] , and Ahn et al. [52] were introduced for comparison and the overall trend of their correlation agreed reasonably well with the existing correlations. In addition, they concluded that a change in nozzle internal geometry did not change the trajectory of a jet under cavitation and hydraulic flip conditions.
In the study of influence of orifice configuration on the jet trajectory in cross flow, Yoon et al. [65] and Kim et al. [66] proposed the following empirical correlations. where L h is the nozzle orifice space of 4, 8, 12 mm, SOI a single orifice injector, and DOI a double orifice injector, respectively. Even though they suggested the empirical correlations for jet trajectory in the elevated temperature, only limited data for 293 and 500 K were incorporated in the derivation of the correlations. Therefore, the correlations for the heated cross flow are not included in this study.
Recently, Lubarsky et al. [27] carried out the experimental study on spray characteristics of Jet-A fuel jet in cross flow at ambient temperature and elevated pressure of 5 atm. Two different orifices, i.e. sharp edged orifice with length-todiameter ratio of L/d = 10 and round edged orifice with L/d = 1, in a wide range of momentum flux ratio between q = 5 to q = 100 and Weber number in the range from We = 400 to We = 1600 were introduced in this study. High speed camera was used to capture instantaneous shadowgraph images of the spray penetration. Based on their observation that spray trajectories was independent on Weber number range considered in this study because only the shear breakup mode of liquid jet disintegration occurs in this range of Weber number, they suggested the following empirical correlation.
where a 1 is the coefficient depending on the shape of the injector internal geometry and a 2 the coefficient only shaped the spray border described by the logarithmic function.
In their continued study [28] , the spray trajectory of Jet-A spray in the cross flow of preheated air(T = 590 K and 700 K) at elevated pressure(P = 200 kPa) were measured by the high speed imaging technique for fuel injectors with two mounting configurations 'flush' and 'spray-well'. They had tested nine different correlations which may or may not include power function of Weber number with their experimental data. They found that the following correlation could obtain the most acceptable fit.
where a 1 and a 2 depend on the temperature of air, mean or maximum spray trajectories.
In the work of effect of oil-water emulsion on the penetration of a liquid jet in crossflow, Bolszo et al. [67] suggested the following empirical correlation. They tested the five different types of model correlations, including ones similar with correlations presented by Wu et al. [29.43] , Becker and Hassa [30] , Stenzler et al. [37] , Biourk et al. [55] , and Lee et al. [59] y/d = 2.04 q 0.384 (x/d) 0.385 (2.45) They found that the viscosity effect of emulsion was not shown to remarkably impact the penetration height of emulsion.
CLASSIFICATION OF EMPIRICAL CORRELATIONS
Many correlations have been developed to predict the jet/spray trajectory of liquid jet in a cross-flow. It has generally known that the jet/spray trajectory of a liquid jet in a cross-flow (y/d) is a function of the liquid to air momentum flux ratio(q) and the normalized distance in the airstream direction from the injector(x/d). Two different types of classification of empirical correlations, i.e. classification based on mathematical form and classification based on flow regime, can be suggested in this review.
The classification of existing correlations based on functional form includes correlations in a power-law, logarithmic, and exponential forms as follows.
where A, B, C, α, β, γ and δ are constants, respectively. However, several researchers incorporated the Weber number, liquid-to-water or air viscosity ratio, pressure ratio or Reynolds number, temperature ratio in the above functional forms. Around twenty seven correlations in power-law form and ten correlations in logarithmic form were available in the literature. In addition, only two empirical correlations proposed by Chen et al. [32] and Elshamy et al. [22] will be included in the correlations with the exponential form.
Furthermore, correlations in a power-law functional form can be classified as three groups, i.e. correlations with momentum flux ratio of Eq.(3.1), correlations incorporated with the Weber number (Weber number form) or correlations incorporated with other parameters(other parameters form) as follows.
where Z could be viscosity ratio, pressure ratio or jet Reynolds number, Z 1 could be viscosity ratio or channel Reynolds number, and Z 2 could be constant 1 or jet Reynolds number.
In addition, correlations in logarithmic functional form can also be divided by two groups, i.e. correlations with momentum flux ratio form, Eq.(3.2) and correlations incorporated with Weber number as follows,.
where A,B, C, α and β are constants. The constants and parameters of correlations grouped as momentum flux ratio form in power-law functional form are listed in Table 1 . Even though various correlations proposed for jet/spray trajectory have obtained in the different experimental conditions, most agree on a power of around 0.3 ∼ 0.5 for q and x/d. The constants and parameters of correlations categorized as Weber number form in power-law functional form are tabulated in Table 2 . This table shows the tendency on a power of 0.4 ∼ 0.5 and 0.3 and 0.4 for q and x/d, respectively. It is clear that the dependence on the Weber number is not pronounced. As pointed out by Mashayek and Ashgriz [8] , this is mainly due to the limited range of parameters in the experiment, i.e. lower values of q, We, temperature and pressure than the practical variable ranges. The other parameter form in power-law functional form shown in Table 3 Some experimental studies have used a momentum flux ratio form in logarithmic functional form to fit their data for jet/spray trajectory and their results can be compared in Table 4 . Most correlations show the similar effect of q with parameter α = 0.3 ∼ 0.6 ( ) = α β y d q x d A on jet/spray trajectory of liquid jet. In the eight mentioned studies, the constant A and the parameter β were reported to be around 1 ∼ 2 and 1 ∼ 4, respectively. It should be noted that parameters such as viscosity ratio, pressure ratio and Reynolds number are not considered in the logarithmic functional form Table 5 shows the comparison of constant and parameters used in the Weber number form in logarithmic functional form. It can be found from Table 5 that there is no difference between two studies except the constant C even though they are the same research group. The comparison of contants and parameters employed in exponential The other kind of classification for previous correlations can be based on flow regime including one, two and three regimes correlations. The most prior correlations in power-law and logarithmic functional forms belong to one regime correlation. The correlations for liquid column regime and droplet regime by Wu et al. [43] (Eqs 2.4 and 2.5), one for x/d<12 and x/d>12 by Birouk et al. [55] (Eqs. 2.25 and 2.26) and one for column trajectory(0<x/d<20) and for spray trajectory(5<x/d<100 by Zheng and Marshall [18] (Eqs.2.37 and 2.38) can be grouped as two regimes correlation. The two correlations with exponential functional form by Chen et al. [32] (Eq.2.3) and Elshamy et al. [22] (Eq.2.30) will be treated as three regimes( liquid column zone, ligament zone and droplet zone) correlations.
Detailed experimental conditions from a number of studies considered in this review are tabulated in Table 7 for momentum flux ratio form in power-law functional form, in Table 8 for Weber number form and other parameter forms in power-law functional form, and in Table 9 for logarithmic and exponential functional forms, respectively. It can be found from three tables that the measurement technique incorporated to the development of correlations for jet/spray trajectory include high speed photography, pulsed or continuous shadowgraphy, Mie-scattering of laser sheets and PDPA. It is clear that one of possible reasons for the different correlations, even in same functional form, will be the employment of different visualizing techniques. In addition, the different image processing techiniques will lead to the different correlations in the same measurement techniques. It can be seen that jet/spray trajectory investigations have been conducted by employing the wide range of momentum flux ratio and Weber number.
EVALUATION OF EMPIRICAL CORRELATIONS
The prediction results by the six different previous empirical correlations were compared for a typical momentum flux ratio (q = 10) and crossflow velocity (U = 100 m/s) by Masuda et al. [33] , Masusa and McDonell [16] , and Brown and McDonell [42] . They showed the substantial variation between the prediction results and suggested that the possible reasons for the variation are due to measurement method and assumptions made in defining terms in the momentum flux ratio. In addition, the differences in the two existing correlations of Wu et al. [29] and Stenzler et al. [37] by introducing the different discharge coefficient were clearly shown in the works by Brown and McDonell [42] .
The jet trajectories predicted by correlations with exponential functional form [32] , two typical power-law functional forms [29, 43] , and two logarithmic functional forms [30, 34] for a sample momentum flux ratio of 15 were compared by Mashayek et al. [17] . The clear discrepancies between the predicted curves were found. They argued that this is due to different measurement techniques and difficulties in defining the boundary of the liquid jet in image processing techniques.
For the comparison of correlations for column and spray trajectory at q = 30 and We = 6, Zheng and Marshall [18] introduced the previously developed correlations for penetration height by Stenzler et al. [14] , Iyogun et al. [15] , Chen et al. [32] , and Bellofiore et al. [57] . They found that in the column region, all the correlations considered gave close prediction of the penetration height, but in spray region, their correlation yielded larger penetration height than the existing correlations by Chen et al. [32] . The twelve previous empirical correlations were recently compared for a sample spray with q = 20 and We = 1000 by Lubarsky et al. [27] . They found that the penetration height predicted by twelve correlations differ from each other to an extent of 100%. As the most influencing factors to such a big difference, they suggested the four possible causes, i.e. 1) design of the injector and its position in the crossflow, 2) ambient conditions such as air temperature, 3) turbulence of the core and boundary layer characteristics of the crossing air flow, 4) imaging technique. Yoon and No [26] reported the two different types of evaluation of the nineteen existing correlations for jet/spray trajectory of liquid jet in uniform subsonic cross flow. At first, for a sample study, orifice diameter d of 1.0 mm, momentum flux ratio q of 10 [16] , aerodynamic Weber number of 13.9 [37] , pressure ratio of 1.0, viscosity ratio of 1.0, temperature ratio of 1.0 were selected for comparison as typical cross flow conditions. Secondly, for the comparison with the experimental conditions in the evaluation of the selected correlations, the experimental data were obtained from the work of Lee et al. [48] and Yoon et al. [65] . Those include d = 1.02 mm, q = 10.37, We = 53, Re ch = 13700 and Re j = 4763.
The jet/spray trajectory predicted by six different correlations in power-law functional form with momentum flux ratio is shown in Fig. 2 . It is clear from this figure that there is the obvious discrepancies between the predicted curves and overall tendency of discrepancies agrees reasonably with the comparison results obtained by Masuda and McDonell [16] . The jet/spray trajectory calculated using seven power-law functional forms with Weber number is depicted in Fig. 3 . No discrepancy can be found in the calculated results between by Stenzler et al. [37] (Eq. 2.11) and by Ragucci et al. [12] (Eq. 2.27), although very slight deviation can be found at high x/d values . The correlations by Stenzler et al. [14] (Eq. 16) and by Elshamy and Jeng [39] (Eq. 2.9) give the similar values. It is clear from this figure that jet/spray trajectory by Masuda and McDonell [16] (Eq. 2.19) shows a wide difference from the results of other correlations. This may be due to the correlations developed for a recessed liquid jet, i.e. different injector geometry with other correlations. In addition, the factor that their correlation was developed for very high Weber number condition (700−1580) compared with the given condition (We = 13.9) in this study can be another possible reason for this difference.
It was reported by Lakhamraju and Jeng [34] , Birouk et al. [55] , and Lubarsky et al. [27] that jet/spray trajectory is nearly independent of aerodynamic Weber number. This may be true within certain range of experimental conditions for Weber number such as We = 9.3 ∼ 159 for Birouk et al. [55] , We = 50 ∼ 967 for Lakhamraju and Jeng [34] , and We = 400 ∼ 1600 for Lubarsky et al. [27] because the selected We number in this study is too low.
The jet/spray trajectory obtained from various logarithmic correlations is shown in Fig.4 . The obvious discrepancies between the predicted curves can be found. It can be noticed from Fig.4 Because a sample study for the evaluation of previous correlations is not sufficient, the comparison of predicted results from the existing correlations with the experimental data set was also conducted by Yoon and No [26] . Fig. 5 shows the comparison of experimental data and the predicted jet/spray trajectories using the selected power-law correlations. It is observed from Fig. 5 that correlation of Iyogun et al. [15] (Eq. 2.20) is closely related to one of Stenzler et al. [14] (Eq. 2.16). The agreement between the most predicted and the measured values is not satisfactory. However, it should be noted that the agreement between the prediction by the correlation of Birouk et al. [55] (Eqs. 2.25 and 2.26) and the measurement is reasonably good. This may be due to the application of different correlation for two regions, i.e x/d < 12 and x/d > 12, respectively.
The comparison of the measurement with the prediction by logarithmic and exponential correlations is shown in Fig. 6 . The predictions by Freigtag and Hassa [60] (Eq. 2.33) and one by Elshamy et al. [22] (Eq. 2.30) show virtually same results even though two correlations has the different function. It is noticed from this figure that while the other correlations do not describe jet/spray trajectory adequately, the above two correlations are found to work well with the measurements in x/d < 10.
In this study it can be found that there were the obvious discrepancies between the predicted curves for jet/spray trajectory even though various correlations have the same functional form. The predicted curve by the correlations of Birouk et al. [55] (Eqs. 2.25 and 2.26), which is power-law functional form with momentum flux ratio and two regimes correlations, showed good agreement with the experimental data at the given conditions. Even though the correlations by Freitag and Hassa [60] (Eq. 2.33) and Elshamy et al. [22] (Eq. 2.30) had incorporated with the different function, the predicted results showed the virtually same values for jet/spray trajectory.
In evaluating the applicability of the previous empirical correlations among three groups in the classification in the above section, Bolszo et al. [67] selected power-law and logarithmic functional forms without exponential functional form for the analysis. In power-law functional form, two momentum flux ratio forms including the one with drag coefficient suggested by Lee et al. [59] , Weber number form similar with the ones proposed by Stenzler et al. [14, 37] , Masuda and McDonell [16] and Ragucci et al. [56] and other parameter form similar with the one by Birouk et al. [55] were included. They found that of the empirical correlations considered, momentum flux ratio form provided consistently the best fit to their experimental data set.
As one of similar trial with Bolszo et al. [67] , Lubarsky et al. [28] introduced three power-law, three logarithmic and three exponential functional forms as model correlations for the development of empirical correlations from their experimental data. Of three power-law functional forms, two momentum flux ratio forms and one Weber number form were included. Of three logarithmic functional forms, it is interesting to include the correlation of logarithmic form with Weber number which is similar with the one by Wang et al. [63] . They also tested correlation grouped in the exponential functional form with Weber number, although, to the best of author's knowledge, this is the first trial. They concluded that jet/spray trajectory of Jet-A spray in the cross flow of preheated air at elevated pressure was well determined with the logarithmic functional form with the square root of momentum flux ratio and without incorporating the Weber number. This is the different result with one by Bolszo et al. [67] .
According to the review for the evaluation of the existing empirical correlations, it can be found that in jet/spray trajectory calculated using several correlations for a case with given liquid-to-air momentum flux ratios, the significant discrepancies between the predicted curves exist even for the correlations with the same functional form. The factors that causes such as obvious difference can be summarized as: (1) measurement method such as shawdowgraphy, PDPA and recently high speed digital camera [13, 16, 44] , (2) difficulties in defining the boundaries of the liquid jet in image analysis [17, 27] , (3) assumptions made in defining terms in the liquid-to-air momentum flux ratio, particularly the liquid jet discharge coefficient which is directly related to the velocity of the jet [16, 29] . In addition, the other potential factors which seems to be most affecting the penetration height were turbulence level in the core and boundary layer of incoming jet and gas flows, nozzle /injector geometry and its position in the crossflow as suggested by Mashayek and Ashigriz [8] and Lubarsky et al. [27] .
It is clear from this review that the empirical correlations proposed by each investigator are mainly applicable within the specific parameter ranges of that study. However, it is required to examine the applicability of the correlations developed recently such as those by Zheng and Marshall [18] , Lubarsky et al. [27.28] , Wang et al. [63] , Biourk et al. [64] , Bolszo et al. [67] .
DISCUSSIONS
There is general agreement that the jet/spray trajectory is primarily a function of liquidto-air momentum flux ratio, which is the ratio of the liquid to the gaseous cross flow momentum flux, nozzle diameter and distance in the airstream direction.
Two different types of classification of previous empirical correlations can be suggested here. One is the classification based on the functional form and the other one based on the flow regime. The classification of existing correlations based on functional form includes correlations in a power-law, logarithmic, and exponential forms. The other classification of prior correlations based on flow regime includes one, two and three regimes correlations.
The correlations in a power-law functional form can be classified as three groups, i.e. correlations with momentum flux ratio, correlations incorporated with the Weber number (Weber number form) or correlations incorporated with other parameters(other parameters form). In addition, correlations in logarithmic functional form can also be divided by two groups, i.e. correlations with momentum flux ratio form and correlations incorporated with Weber number.
Of three functional forms of empirical correlations, the power-law form is the main correlations suggested by many researchers. In power-law and logarithmic forms, the momentum flux ratio form is the dominant correlations.
There were the obvious discrepancies between the predicted curves for jet/spray trajectory even though various correlations have the same functional form. The possible reasons for discrepancies will be summarized as measurement technique, assumptions made in defining terms in the liquid to air momentum flux ratio, difficulties in defining the boundaries of the liquid jets in image processing technique, turbulence level in the core and boundary layer of incoming jet and gas flows, nozzle/injector geometry and its position in the crossflow. However, it can be found from the several evaluation studies that the power-law functional form with momentum flux ratio and two regimes correlations such as one by Eq. (2.4), Eq. (2.25) and Eq. (2.26) provided relatively the best fit to experimental data. This review will provide guidelines for the application of many correlations suggested by several investigators up to recently.
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